he competition for available water in Texas is increasing. In West Texas, the Llano Estacado Regional Planning Group projects water demand for residential, manufacturing, and livestock segments of the economy to escalate as population increases by 22% over the next 50 years (TWDB, 2010) . This demand for water will be at the expense of irrigated agriculture although irrigated production is forecast to remain the cornerstone of the economy. The Ogallala Aquifer is the major water-bearing formation in the region with over 90% of the water currently used for irrigation. Recharge of the formation is minimal, estimated at less than 13 to 75 mm y -1 (TWDB, 2010). Therefore, non-irrigation demand will reduce availability for irrigation as groundwater supplies diminish. To maintain the agriculturally based economy, a principal strategy of the Llano Estacado Planning Group is to increase irrigation water use efficiency. This can only be achieved by taking full advantage of the region's climate, soils, and rain, and by distributing supplemental water with well-managed, efficient irrigation systems.
soils, and rain, and by distributing supplemental water with well-managed, efficient irrigation systems.
Dryland crop production has been economically viable on the Southern High Plains (SHP) as over 0.4 million ha of non-irrigated, row-crops are harvested each year (TASS, 2003) . Two major economic problems with non-irrigated crop production include extreme year-to-year yield variability and low overall production, with yields averaging less than 25% of those from irrigated crops. On the 0.6 million irrigated ha of the SHP, production of drought tolerant crops such as cotton and grain sorghum is typical with irrigation plus rain providing 40% to 80% of crop evapotranspiration (ET). However, water demands on the aquifer could be reduced while helping stabilize crop output over dryland by combining the efficient use of very limited irrigation with dryland production strategies. This overall strategy requires the diligent use of both dryland production practices such as furrow diking, reduced and/or minimum tillage, precise plant populations and varieties, and crop rotations, as well as the use of very efficient irrigation delivery systems such as LEPA (Bordovsky et al., 1992) .
The benefits of conservation-tilled cotton in rotation with grains on the SHP have been documented under furrow-irrigated conditions. Bordovsky et al. (1994) showed that a cotton-wheat (Triticum aestivum L.) rotation increased dryland and irrigated lint yields by 12.6% and 12.8%, respectively. No-till treatments significantly increased cotton yield (6.9% and 5.5% for dryland and irrigated, respectively) and enhanced seasonal soil water content. When no-till cultural practices were combined with planting into terminated wheat, increases in yields of 5% to 18% over T conventionally planted cotton were observed in experiments at Lubbock and Halfway (Keeling et al., 1989) . Potential economic advantages of rotations in irrigated production have also been investigated. Blackshear and Johnson (2003) performed an analysis of cotton yield in a cotton-grain sorghum rotation in the High Plains region indicating an increase in lint yield of 190 and 159 kg ha -1 following grain sorghum by one and two years, respectively. They indicated that as producers approached risk neutrality, all rotation strategies in their analysis were preferred to continuous cotton.
One of the advantages of crop rotations in areas of limited irrigation capacity is more flexible irrigation timing. In most crops, water stress at critical growth stages affects yields more adversely than at others. For example in grain sorghum, Newman (1966) reported that if only one summer irrigation is applied, maximum yield and water efficiency is achieved when the application is timed at the boot stage, or 40 to 50 days following planting. Eck and Musick (1979) and Musick (1984) found that good yield responses and efficient use of water were achieved with irrigations applied from mid-boot to flowering with much lower yield response and efficiency when water is applied only at the 6-to 8-leaf stage and the milk to soft dough stage. In cotton, yield reductions occur with reduced water availability at peak flowering compared to either earlier or later in the flowering period (Newman, 1966; Jordan, 1983) . Although cotton can resume growth after a period of water stress, if water deficits develop during the peak reproductive period, the typically short South Plains growing season will reduce lint yield. The option of simultaneously producing two crops with different critical water need periods allows the option of directing limited irrigation water to the crop with the highest critical need.
The question to be answered is whether a crop rotation system will result in higher water value than a traditional continuous cotton production system under extremely deficit irrigation conditions on the Southern High Plains. The objective of this article is to document the results of a field experiment comparing two cropping systems, a cotton-sorghum rotation (ROT) and continuous cotton (ContCot), irrigated at two capacities significantly lower than the crop water demand. Preliminary economic comparisons are also presented.
MATERIALS AND METHODS
The field experiment was conducted at the Texas AgriLife Research and Extension Center at Halfway, Texas (1071 m elev., 34° 11'N, 101° 56' W). The field is located adjacent to a playa in a transitional soil changing from a Pullman clay loam (fine, mixed, thermic Torrertic Paleustolls) at high elevations to an Olton loam (fine, mixed, thermic Aridic Paleustolls) at lower elevations. In 2001, a cotton-sorghum cropping system (ROT) was established on a 3.5-ha area under an 8-span center pivot with crops irrigated by LEPA using circular rows oriented perpendicular to the pivot lateral. The rotation was two years cotton followed by one year of grain sorghum. Rotation plots included: CCS -cotton followed by cotton and sorghum, CSC -cotton followed by sorghum and cotton, and SCC -sorghum followed by two years of cotton. Cotton production from individual treatments, as well as crop values from the combination of rotation treatments were compared to production from continuous cotton treatments (CCC) and values representing a continuous cotton cropping system (ContCot). Treatment areas were 12 1-m rows wide and arced 70° of the pivot circle. The 70° pivot arc was split into three smaller wedge-shaped areas where in-season irrigation capacity was limited to 0.0 mm d -1 (no seasonal irrigation), 1.7 mm d -1 , and 3.4-mm d -1 approximating 0%, 20%, and 40% of peak cotton ET, respectively. The four treatment plots were arranged in a complete randomized block design within four blocks along the length of the pivot lateral. This arrangement limited statistical comparisons of different irrigation capacities, but was required due to physical limitations of the irrigation system. The LEPA applicators were positioned every 2 m along the pivot lateral and dispensed water in alternate diked furrows at the ground surface. All applicators were equipped with flow valves that were either manually opened or closed as the pivot passed over plots depending on the treatment, pivot position, and irrigation protocol for that week.
The experiment was initiated in 2001 and required three years for completion of the first rotation cycle. Cotton had been grown in the test area for three years prior to this experiment. The cultural practices and irrigation sequences for 2001 and 2002 were the same as those described below for 2003 to 2005.
IRRIGATION STRATEGIES

Pre-Plant Irrigations
The emphasis of this experiment was to identify strategies to achieve high water value through crop production. Although filling the soil profile prior to planting is a common practice, studies in the Texas High Plains have documented over 50% reduction in water productivity when comparing application at pre-plant to application at critical growth stages (Allen and Musick, 1986 and Porter, 2003) . Therefore, after 2003, pre-plant irrigations were only applied to establish crops and not to store water. These irrigations averaged 33 mm y -1 in seasonally irrigated treatments from 2003 to 2008.
In-Season Irrigations 2003-2005
In an effort to minimize cotton and grain sorghum stresses with the available irrigation capacities, an in-season irrigation plan was established for the ROT cropping system. The planned weekly irrigation depths for each treatment are given in table 1 along with optional schedules that adhered to irrigation capacity limitations. Early planted sorghum was initially irrigated with water available for sorghum plus that available for cotton. This was to supply water during early rapid develop of sorghum and build profile water at a time when cotton transpiration is very low and any irrigation could aggravate cotton seedling diseases. By early to mid-July, the irrigation protocol provided diversion of water from sorghum to cotton. Additional sorghum irrigations were applied at early dough stage depending upon rain and irrigation capacity. Water was provided to cotton at squaring and from peak bloom to the first week in September. Within rotation plots, the total weekly irrigation volume of combined cotton and sorghum plots was limited by irrigation capacity, either 1.7 or 3.4 mm d -1 , and the total irrigated area of the plots. [a] Distributions in weeks 5 to 9 were based on rainfall and relative crop need at both irrigation capacities.
Continuous cotton treatments, by contrast, were irrigated at uniform rates throughout the irrigation period. Irrigations were typically applied one to three times per week depending on the weekly requirement. Irrigation depths during each application were no more than 12 mm per application.
In-Season Irrigations 2006-2008
Although there are yield benefits of cotton in rotation with sorghum, differences in relative crop value can offset these benefits in a rotation system. Differences in gross revenues for cotton and grain sorghum have traditionally favored cotton production in the SHP. The irrigation strategy for the rotation treatments was modified in 2006 through 2008 to reflect this. Once both crops were established, cotton was irrigated beginning at the squaring growth stage at the expense of grain sorghum until weekly irrigation plus effective rain reached approximately 80% of the estimated cotton ET. Any residual irrigation volume was applied to grain sorghum. This strategy resulted in near dryland production of sorghum at the 1.7-mm d -1 capacity and only very moderate irrigation of sorghum at 3.4 mm d -1 except when seasonal rainfall was above average. The hypothesis was that the potential increase in cotton yield achieved by rotating with sorghum plus the increase in irrigation capacity at the expense of sorghum would more than offset the value lost by lowering sorghum yield. As from 2003 to 2005, continuous cotton treatments were irrigated with uniform weekly quantities throughout the irrigation period at capacities of 1.7 or 3.4 mm d -1 .
CULTURAL PRACTICES
One of the overall production guidelines was to minimize soil surface evaporation and runoff using available cultural practices in all test areas. The previous year's seedbeds were reshaped to initiate the cultural practices in most of the eight test years. Phosphorous and nitrogen were banded using a minimum till coulter/chisel applicator. Furrow diking of non-traffic furrows reduced rain runoff and held irrigation applications until infiltration occurred. Shredding and pulling stalks with furrow dikes in place left residue on the soil surface for up to two years. However, tillage practices, seed variety and hybrids, and nutrient requirements differed among treatment plots and years based on crop, irrigation level, and available seed technology. For example, continuous cotton plots often required additional tillage to control blowing sand compared to plots with sorghum residue. Nutrient requirements based on pre-plant soil sampling were different due to crop history and anticipated yield within a seasonal irrigation capacity. Crop seed planted in 2006 and beyond were changed from previous years due to newer hybrids and varieties that showed improved yield response to limited water and traits that allowed the use of contact herbicides later in the growing season. Specific tillage and herbicide applications from 2003 to 2008 are given in table 2. Planting information and nutrient application amounts are given in table 3.
SOIL WATER MONITORING
Differences in volumetric soil water content due to cultural practices or rotation within each irrigation capacity were estimated using neutron attenuation methods. Fifty-mm diameter aluminum access tubes were installed in each replicate of each treatment to the depth of 1.5 m in the center of seedbeds. Installations occurred following crop establishment from 2005 through 2008 with soil water measurements made every 0.3 m of depth starting at HARVEST From 2001 to 2007, burr cotton from 4-m 2 areas at three random locations in each plot were hand harvested and weighed to determine burr cotton yield. In 2008, a modified cotton stripper with weighing system was used to harvest approximately 62 m 2 from the centers of each cotton plot to determine burr cotton yield. Subsamples from harvested areas were weighed and gin using a small plot gin at the Texas AgriLife Research and Extension Center in Lubbock to determine lint and seed yield percentages. A lint sample was obtained during ginning for a HVI analysis performed by the Fiber and Biopolymer Research Institute at Texas Tech University in Lubbock to determine lint quality and value for each respective plot.
In each year of the experiment, grain sorghum was hand harvested from three 4-m 2 areas in each plot, seed was separated using a grain plot combine (ALMACO, Nevada, Iowa), and grain moisture measured. All grain sorghum yields were adjusted to 13% moisture content.
DATA ANALYSIS
Crop yield, water use efficiency, and water value were determined and averaged by treatment. Analysis of variance (AOV) of these parameters was conducted using the MIXED [a] GA -Golden Acres Brand Seed, PM -Paymaster Brand Seed., FM -FiberMax Brand Seed. [b] Seeding rate range from 0 to 3.7 mm d -1 irrigation levels.
[c] N and P were applied as either 10-34-0 or 32-0-0.
procedure in SAS R (Littell et al., 2006) . The AOV's were separately conducted under each irrigation capacity. Means separation analysis was conducted using the Duncan's Multiple Range Test.
RESULTS AND DISCUSSION
WEATHER EFFECTS
Timing and quantity of rain have a significant impact on crop production in limited irrigated areas. The time period for full maturity of cotton plants in the SHP is limited due to elevation and latitude. Cumulative growing-degree days (dd 15.6c ) are typically used as an indicator of physiological development of cotton (Stapleton, 1970) The estimated crop water demand or ET from planting is also given in figure 1 . These values were determined using reference ET (ET o ) values from the Texas High Plains Evapotranspiration Network (Porter et al., 2005) and locally derived crop coefficients. Of the six years considered, the highest demand occurred in 2006 (723 mm) and the lowest in 2007 (582 mm).
IRRIGATION
Seasonal irrigations were typically initiated the first week of June and were terminated the last week in August. Because weekly irrigation volumes were low at both capacities, irrigations occurred every week even when crop water demand was zero unless heavy rain physically prevented them or the estimate available soil water content of the profile was near 100%. An example of actual irrigation application in cotton and grain sorghum treatments used through 2005 at 1.7 and 3.4 mm d -1 is shown in figure 2. The CCS and CSC irrigation applications were identical in all years, therefore, irrigation amounts from the CSC treatments are not shown. The slopes of lines through data points indicate irrigation rates and show periods where water was applied to sorghum, cotton, or both in the rotation system. Uniform rates of cotton irrigation throughout the growing season in the CCC treatments are also shown. According to the irrigation protocol, cotton in the CCS treatments received less cumulative irrigation up to the critical peak blooming period (24 Jul to 7 Aug) than did the CCC treatments. Part of the strategy was that the higher irrigation rates at peak bloom and later in the growing season would compensate for the lower cumulative irrigation total up to that point.
In-season irrigation strategy changed in 2006 as described earlier. Irrigation amounts are given in table 4. The major difference in irrigation distribution from the 2006-2008 period and that of the three previous years can be seen in the in-season irrigation averages among treatments. In the later years continuous cotton received an average of 144-and 252-mm seasonal irrigation at the 1.7-and 3.4-mm d -1 irrigation levels while the rotation cotton received 26% and 20% more water (182 and 303 mm, respectively). In contrast, from 2003 to 2005, continuous cotton received an average of 131-and 245-mm seasonal irrigation at the 1.7-and 3.4-mm d -1 irrigation levels while the rotation cotton received 11% and 12% less water (116 and 216 mm, respectively). Irrigation quantity available to grain sorghum was inversely proportional to that applied to cotton in the rotation treatments due to irrigation capacity limits.
VOLUMETRIC WATER CONTENT
Seasonal volumetric soil water content (VWC) in the 1.4-m soil profile of cropping system treatments from 2005 to 2008 are shown in figure 3. The VWC in the cotton treatments following sorghum (CCS) showed no consistent increase over measured VWC in the continuous cotton treatments (CCC) except in 2008. As expected, within a given year, the VWC generally started and ended the growing season at slightly higher levels in treatments having higher irrigation capacity. For example, in 2006, the VWCs on day 159 of the CCS treatments were 0.254, 0.267, and 0.283 mm mm -1 at respective irrigation capacities of 0.0, 1.7, and 3.4 mm d -1 . Also, following the change in irrigation strategy in 2006, VWCs in the sorghum treatment plots were generally less than those in cotton plots. 60 days of hot, dry weather producing reasonable cotton yields. Irrigated cotton treatments following sorghum resulted in yields up to 27% higher than those from corresponding continuous cotton treatments (1083 vs. 855 kg ha -1 in CCS and CCC treatments, respectively, at the 3.4-mm d -1 capacity) The crops in 2008 also received below average rainfall with cotton yields from CCS treatments up to 44% higher than CCC treatments (1056 vs. 734 kg ha -1 in respective treatments at the 1.7-mm d -1 capacity). A portion of this yield increase is attributed to 10.1% higher seasonal irrigation in the CCS than the CCC treatments (table 4) .
COTTON PRODUCTION
The 2004 growing season, with above average rainfall, resulted in particularly high lint yield in the non-seasonally irrigated (0.0 mm d-1 ) treatments and appeared to have eliminated significant yield differences due to rotation at the 1.7-and 3.4-mm d -1 capacities. Above average rains also fell in 2007. Lint yields were high at all irrigation capacities with the CCS treatment producing 14% and 15% more cotton lint at 0.0-and 1.7-mm d -1 capacities, respectively, than the CCC treatment. Again, due to irrigation strategy, CCS received 33% more irrigation than CCC at the 1.7-mm d -1 capacity (134 vs. 101 mm, respectively), therefore, yield increase likely was not solely due to rotation effects. No significant yield differences at the 3.4 mm d -1 was observed and is attributed to seasonal rain in 2007.
The annual rainfall amounts and patterns in 2005 and 2006 were very near to the long term average. Cotton lint yields were high in 2005 due in part to residual soil water from the previous year, the timely rain in the summer of 2005, and the long growing season (growing degree day of 234 dd 15.6c in September and October). At 0.0-and 1.7-mm d -1 capacities, cotton following sorghum produced significantly higher lint yield, 6% and 15%, respectively, than continuous cotton. The 2006 crop year was hot and dry until rain occurred in August. For the year at the 0-, 1.7-, and 3.4-mm d -1 capacities, the CCS treatment significantly increased yield over the CCC treatment by 45, 390, and 334 kg ha -1 . However, much of the increase was attributable to higher irrigation quantities in the CCS than the CCC plots at 0, 62, and 81 mm at the respective irrigation capacities.
When considering the average lint yields of years 2003 to 2005, there were no significant differences (a = 0.05) in cotton lint yield due to rotation with sorghum within irrigation capacity. From 2006 to 2008, where water was used to meet the needs of cotton before grain sorghum, the cotton treatments with sorghum resulted in significant increases in lint yield of 31% and 10.6% at seasonal irrigation capacities of 1.7 and 3.4 mm d -1 . These relative yield increases were primarily attributed to higher irrigation quantities applied, 26% and 20% more in the rotation than continuous cotton treatments at the two respective irrigation capacities.
The benefits of having sorghum in rotation with cotton were most evident in adverse weather year of 2003. This was due to sorghum residue providing protection to cotton plants from blowing sand and a probable reduction in the occurrence of cotton diseases. Further direct benefits to cotton are realized in the reduction in the number of field operations required to reduce blowing sand compared to continuous cotton (table 2) .
Water Use Efficiency
The calculation of water use efficiency (WUE) normalizes the effect of different irrigation amounts on comparable treatments providing a better picture of treatment effects. In years that the seasonal soil water was measured, WUE estimates were calculated for each treatment replicate by dividing lint yield by the water use of the treatment during the period from planting until 30 September. Total water use was estimated by adding seasonal irrigation, effective rain, and changes in profile water. Effective rain quantities were determined by daily rainfall measurement at the Halfway research site reduced by runoff. Runoff was estimated using USDA-SCS runoff curve number method (USDA-SCS, 1985) . The change in profile water over the consumptive period was estimated using VWC measurements from 2005 through 2008. Average WUEs by treatment are given in table 5. 
Seasonal Irrigation Water Use Efficiency
Seasonal irrigation water use efficiency (SIWUE) is the quantity of cotton lint produced from each unit of seasonal irrigation applied and is also given in table 5. SIWUE is vs. 0.492 kg m -3 ) decrease in SIWUE over CCC at the 1.7-and 3.4-mm d -1 irrigation capacities, respectfully. In general, SIWUE was greater at the 1.7-mm d -1 than the 3.4-mm d -1 irrigation capacity indicating the highest in-season water use efficiency tends to occur where irrigation is very limited and cotton is in rotation with sorghum compared to a continuous cotton production system.
GRAIN SORGHUM PRODUCTION
Grain sorghum yield by year and treatment is given in 
COMPARISON OF CROPPING SYSTEMS Gross Seasonal Irrigation Value
Determining meaningful water value is difficult and can be very arbitrary. One of the reasons for conducting this field experiment was to provide data for economic models that would illustrate how irrigation decisions and strategies affect water value. One preliminary analysis was conducted by Pate et al. (2010) and concluded that continuous cotton production was economically preferred production system compared to the cotton-sorghum rotation. Additional evaluations of water value based on net rather than gross returns is beyond the scope of this article, however a simple evaluation of gross returns provides some general insights.
The gross seasonal irrigation value (IRRVAL) was determined for the ROT and ContCot cropping systems. The IRRVAL for the ROT system was determined each year by averaging the gross production values of the three irrigated rotation crops, (lint value from CCS, lint value from CSC, and grain value from SCC); reducing this amount by the gross return of the best non-irrigated alternative (lint value of CCC treatments at 0.0-mm d -1 capacity), and dividing this by the average seasonal irrigation depth from CCS, CSC, and SCC treatments at each irrigation capacity. This value represented the gross value of seasonal irrigation sold as lint cotton covering 66.6% and sorghum grain covering 33.3% of an area for a given year. Cotton value was determined for each treatment and replicate by multiplying lint yield by cotton lint loan price from that replicate (table 5). Grain value was determined by multiplying grain yield of each replicate by the average annual grain sorghum price for the particular year (NASS, 2009, table 6 ). The gross seasonal irrigation value for ContCot was similarly determined using cotton lint yield from the CCC treatments and seasonal irrigation amounts.
The IRRVALs of the two systems are given in table 7 by year and irrigation capacity. The IRRVAL from 2003 to 2005, where irrigations were applied to both crops at critical periods, ranged from $0.06 m -3 to $0.38 m -3 and was much lower than the IRRVAL from 2006 to 2008, where irrigations favored cotton production over sorghum, which ranged in value from $0.42 m -3 to $0.80 m -3 . This very large increase in value is attributed to focusing the limited irrigation to the crop of higher value as well as changing to more productive crop varieties.
Although cotton lint yield tended to be significantly higher when following grain sorghum, the ROT cropping system resulted in significantly lower IRRVAL than did the ContCot system in most years and at both irrigation capacities. The exception was the 1.7 mm d -1 irrigation capacity in 2006 to 2008, where average IRRVAL was $0.60 m -3 for ContCot and $0.54 m -3 for ROT cropping systems. Over the 6 year period, cotton rotation with sorghum resulted in lower gross water value than continuous cotton production. [a] Pairs of means within irrigation capacity treatments by year followed by the same letter are not significantly different (α = 0.5, Duncan).
Grain Price Evaluation
The average annual price of grain sorghum used for this analysis increased from $0.091 kg -1 in 2003 to $0.161 kg -1 in 2008 (table 4). Since the IRRVAL was heavily dependent on sorghum grain price, a simple sensitivity analysis was conducted to determine the sorghum price required for IRRVAL of the ROT system to equal or exceed that of the ContCot system. Figure 4 shows the effect of grain sorghum price on IRRVAL of the 2:1 cotton-grain sorghum rotation compared to continuous cotton with cotton lint valued at $1.32 kg -1 based on 2006 to 2008 crop yields. The figure shows that the grain price would have to double the average 2006 to 2008 price of $0.14 kg -1 , or reach $0.28 kg -1 for the ROT cropping system to achieve comparable irrigation value as the ContCot system.
CONCLUSIONS
The results documented the effect of crop rotation and irrigation strategy on cotton yield in a cotton-sorghum rotation where irrigation quantities were very limited. Annual rainfall had a critical effect on the results. In the below average rain years of 2003 and 2008, cotton following sorghum had significantly higher yields ranging from 18% to 44% compared to continuous cotton. Most of the yield increase was attributed to rotation effects. In years of above average rain, 2004 and 2007, rain events minimized significant yield differences due to rotation, particularly at the 3.4-mm d -1 irrigation capacity. In years of average rain, 2005 and 2006, lint yields following grain sorghum were generally higher than those of continuous cotton, but increases averaged only 21% with these increases also affected by increases in irrigation levels. Water use efficiencies generally mirrored lint yield results.
In terms of distributing very limited water resources in a crop rotation system based on critical growth periods of both crops or based on the crop with higher value, the latter strategy along with a change in variety resulted in much higher seasonal irrigation water use efficiency for cotton. Although cotton lint yield tended to be higher in the ROT versus the ContCot cropping system, the ROT system resulted in significantly lower gross irrigation value than ContCot system in most years at both 1.7-and 3.4-mm d -1 capacities. This was based on commodity prices during respective test years. A simple economic analysis indicated that sorghum grain price would have to double the 2008 price, or reach $0.28 kg -1 for the ROT cropping system to achieve comparable irrigation value as the ContCot system.
Under very limited irrigated conditions, the major drawbacks to this rotation were the low grain value compared to that of cotton and the higher water requirement to initiate a minimum grain production relative to cotton. Data from this experiment will be used for modeling and further economic evaluations.
